ABSTRACT
Introduction
Spina bifida is a developmental birth defect that is characterized by the failure of the embryonic neural tube to fully close resulting in malformed vertebrae that do completely envelop the spinal cord. 1 One type of this defect is myelomeningocele (MMC) which has a high incidence in humans (1 to 3 in every 1000 live births) 2 . MMC can be repaired surgically after birth although the success rate varies possibly because of irreparable damage to the spinal cord that occurs pre-natally. Experimental studies suggest that neural tissue may be injured by exposure to chemical (amniotic fluid) and mechanical factors in utero 3.4 . Thus, despite post-natal corrective surgery, a high degree of sequelae can persist, including motor deficiency, urinary and fecal incontinence, cerebellar herniation leading to a hydrocephalus and mental retardation 5 . Furthermore, neurosurgery at birth can not correct the "tethered cord syndrome" caused by adhesion between neural tissue and skin 6 . Since post-natal surgery does not reverse previous neurological damage in utero, operating pre-natally may be more effective. In support of this, studies have shown that in utero repair can prevent or reverse the ArnoldChiari malformation and hydrocephalus, minimizing post-natal sequelae [7] [8] [9] [10] . Several materials have been used as dura-mater substitutes in MMC corrective surgeries that have different origins, manufacture, costs and handling. One such material is the human acellular dermal matrix (HADM) which is a regenerative tissue matrix that has been used in craniotomies and adult spinal cord lesions 11 . It has also been applied as a visceral protection in cases of giant newborn omphalocele 12 . HADM is considered a good alternative if an allograft is not available and it is as pliable as a dura-mater patch intra-operatively. It does not induce adhesions or rejections, although fluid leakage through the material occurred in a few cases 11 . Paek et al. (2000) 13 studied the effects of HADM in ovine models, applied above MMC as a patch and sutured to the skin. This author observed wound contraction and skin growth over the HADM, preventing posterior herniation of the cerebellum, compared to uncovered controls. Another material experimental dura-mater substitute is biosynthetic cellulose (BC) 14, 15 . This Brazilian manufactured membrane is a low-cost material that has been used in plastic surgery as a temporary skin substitute for second degree burns. BC has been used during corrective surgery to cover the exposed spinal cord in a fetal rabbit model and showed no signs of rejection 16 . The aim of this study is to compare the effectiveness of HADM and BC in protecting neural tissue after in utero surgery to correct experimentallyinduced MMC in a fetal ovine model. Sheep were chosen for the experimental animal since they are used widely in experimental studies of gestation and fetal surgery, mainly because both its size and anatomy are similar to the human fetus. Furthermore, sheep can be easily handled in pen, have a small number of fetuses (1 or 2) and a low rate of premature labor 1 .
Methods
Thirty three mixed breed Hampshire Down sheep were obtained from a single breeder. Pregnancy was dated from intra-cervical insemination, during the natural estrous (twice a year). Three of them were twin pregnancies, so a total of 36 fetuses were studied. The study was approved by Dante Pazzanese Institute Ethics Committee. The animals were transported from farm and given a minimum adaptation period of 4 d. They were maintained in a semi-open pen with natural day/night variation.
Experimentally-induced MMC
Surgery to induce MMC was performed in all fetuses between 74 and 77 days of gestation. The initial phase (pilot group) involved 9 animals, pregnant with 11 fetuses; the second phase (study group) consisted of 25 fetuses. In the corrected group, reparative surgery was performed between 93 and 112 days of gestation. These animals remained in utero for the term of gestation. In the control group the MMC was induced but the correction surgery was not performed. Before surgery, animals were submitted to 48-hour food and 24-h fluid fast. The anesthetic protocol consisted of preanesthetic medication while still in the pen (acepromazine 0.2 mg/ kg + midazolan -0.3 mg/kg IV), allowing the animal to be transported while sedated. Hair was removed immediately before entering the operating room. Animals were anesthetized with intravenous thiopental (7.5 mg/ kg), followed by orotracheal intubation, and then maintained with 2% halothane. During the operation and post-anesthetic recovery a total of 15 ml/kg/hr of 0.9% saline containing 15 ml/kg/h of 50% glucose. A single dose of the antibiotic prophylaxis enrofloxacin (5 mg/ kg ) was administered. The animal was positioned in right lateral decubitus, and a left para-mammary laparotomy was used to expose the uterus. A 5 cm hysterotomy was performed just above the fetal spine allowing back paws and tail exteriorization. The amniotic fluid was then removed (100 ml) and maintained in a heated saline bath to posterior restitution during hysterorrhaphy. The skin resection over lumbosacral spine measured 3.0 x 1.5 cm. Bilateral paravertebral muscles resection and a complete laminectomy of four lumbar vertebrae extensions were performed. Dura-mater was incised with a scalpel, cerebral spinal fluid (CSF) leakage was visualized and the medullar spine was incised to the central canal. The medulla was then left exposed. The fetus was returned to the uterus which was then closed, afterwards by the abdominal maternal wall was sutured in layers. Fetal heart-rate was checked through a transoperative ultrasonography (US) and animals were returned to the pen after spontaneous breathing started. Utero-lytics were not used during or after the procedures.
Corrective surgery for MMC
The corrected cases were divided in two groups according to the material used to cover the neural tissue: Group A received HADM (AlloDerm R , Lifecell, USA) and Group B was given BC (Nexfill R , Brazil; Dermafill R , USA). The same perioperative conditions used for the defect creation were repeated for the corrective procedure up to the point of fetal back exposure. Both materials were applied over the damaged neural tissue according to the previously developed technique used in the fetal rabbit model 16 . Briefly, we under cut 1.0 cm of the skin beyond the margins of the defect and placed either HADM or BC over the exposed neural tissue and under the skin edges; skin was then approximated to cover all the material (Figure 1 ). HADM is obtained from human cadaveric skin supplied from tissue banks, processed for epidermal removal with a high ionicstrength solution and dermal separation. Subsequently, cells are removed and the remaining bioactive components and extra cellular matrix (collagen and elastin) are preserved. The result is a foundation for normal revascularization, cell repopulation and tissue remodeling, becoming the patient's own tissue. It is preserved by freeze-drying, needing special storage and lower temperatures for transportation. The manufacturing process is complex and costly 17, 18 . The BC film is produced by Acinetobacter bacteria fermentation using specific technique developed in Brazil, approved by the FDA (USA) in 1995. The cellulose mass is sliced, washed and deproteinated using special solvents. The storage and transportation are at room temperature and it can be reesterilized in ethylene oxide. It has a significantly lower cost compared to HADM. It was developed to protect burn areas or to cover graft donor sites, allowing reepithelization under the material. When the new skin is formed, the BC detaches spontaneously 14 .
Fetal harvesting and macroscopic analysis
Animals were sacrificed at gestation day 140. The same pre-anesthetic medication was used for maternalfetal sacrifice, but the thiopental dose was increased to 20 mg/kg to guarantee fetal sedation. After a few minutes, a 19.1% KCl bolus was injected into maternal circulation (0.4 ml/kg). After maternal cardiac arrest, the abdominal wall and uterus were opened. If fetal heart activity was detected a 5 ml KCl bolus was administered to the fetus. The fetuses were photographed, weighed and submitted to macroscopic and microscopic analysis. The entire fetus was fixed in formalin for 7 d, after a sample of the spine was removed. This specimen incorporated one vertebra above and one below the defect region, along with 3 cm lateral margins of surrounding tissues, all layers included. To prepare slides, the specimens were incubated for 4 wks in EDTA buffer solution for decalcification. Hematoxilin-Eosin (HE) and Masson staining were performed in a total of five standard sections, containing the whole defect area in both groups ( Figure 2 ). All the samples were analyzed by the same pathologist (PHS). Statistical analysis was carried out at Epidemiology and Statistical Laboratory of Instituto Dante Pazzanese applying the Fisher test, with a 5% significance level. FIGURE 2 -Anatomical planes from which the five tissue sections were made for microscopic analysis, containing all areas of the defect involved standardizing the technique for producing and correcting the MMC defect; a total of 11 fetuses had experimentally-induced MMC. Of this group, 7 fetuses died representing a survival rate of 37% (Table 1 ). In the study phase, 25 fetuses received MMC and 8 fetal losses occurred. Thus, the survival rate, after the creation of the defect, was 68%. Among the 17 surviving fetuses, 6 did not undergo corrective surgery (control group) and 11 received the reparative operation (corrected group).
Of the former group, 2 had premature deliveries; of the corrected cases, 1 fetal loss occurred (9%) and 2 premature deliveries were observed (Table 2) .
Surgically corrected cases
A total of 10 corrected cases were available for macroscopic and microscopic analysis: 4 cases in Group A that received HADM and 6 cases in Group B that received BC. Macroscopically the skin was completely closed in 1 case in the control group, 2 cases in Group A and 5 cases in Group B. Macroscopically, during dissection, the skin and underlying tissues were easily displaced from the BC in all cases in Group B. In contrast, HADM was firmly adhered to adjacent tissues in Group A.
Microscopical analysis
In the control group, histological analysis revealed that the medulla was typically exposed and in 4 out of 6 cases was destroyed. Even in cases in which the skin was partially or completely enclosing the defect, the medulla under the skin was damaged. It appeared that the greater the "in utero" exposure, the greater the damage to the neural tissue. Four weeks after the defect creation, erosion extended to the posterior horns; the medullar central canal and anterior horns were preserved ("flat medulla"). If the fetus was remained in utero for 8 weeks, a typical MMC-like defect (total destructive lesion of medulla) was observed. In the corrected group, for comparison purposes, only cases that stayed in utero a minimum of 28 days after correction were used; thus, a total of 4 cases were analyzed in Group A and 4 in Group B. In Group A, all 4 cases showed blood vessel ingrowth from the host tissue to the HADM and the implant was integrated to the skin with no cleavage plane between the animal dermis and the HADM. The same aspect was found where the HADM contacted the medulla.
The adherence to adjacent tissues was analyzed in both superficial (next to skin) and deep (next to neural tissue) material surfaces. The presence of cells and vessels that invaded from adjacent tissues was evaluated.
Results

Survival rate and prematurity
The study was divided into two phases: i) pilot and ii) study. The pilot phase was conducted first and Multiple sites of adhesion to neural tissue, bypassing vessels and cell infiltration were also observed ( Figure 3) . In Group B that received BC during corrective surgery, all 4 cases showed that the BC was completely occupied by a newly formed layer of fibroblasts (Figure 4 ). This fibroblast layer was in anatomic continuity with the dural margins that form a new cell layer resembling the dura-mater itself, a "neodura- mater" layer ( Figure 5 ). No connective tissue or collagen appeared to have invaded the BC layers. Furthermore, blood vessel proliferation, cell ingrowth and adhesion to surfaces (superficial or deep) were not evident. These characteristics described for Group B were markedly different from those seen in Group A; these group differences were statistically significant (p=0.029; Fisher test).
Discussion
The classical MMC corrective neurosurgery performed at birth involves dissecting tissues adjacent to the defect and suturing the dura-mater to protect the medulla. Despite these reparative measures, nerve root scarring at the site of MMC repair happens in 10 to 13% of the cases. This condition can lead to tethered-cord syndrome with neurological-deterioration, back and leg pain, incontinent bladder, spasticity, change in motor or sensory level in lower extremities, severe scoliosis and other occurrences 6, 19 . Multiple biological materials, such as collagen, autologous muscular fascia, muscle flaps and acellular human dermis have been used as a duramater substitutes for reconstruction or duraplasty 11, 13, 14 . Intrauterine repair success of correction-prone malformations depends on many factors, such as gestational age, stage of disease in utero, the surgical technique used for repair, surgical time, uterine wall injury, amniotic fluid leakage, dissection and suture extension in fetuses. This study compared the effectiveness of two different types of dura-mater substitutes, namely HADM and BC, for the repair MMC in fetal sheep using a simplified technique for closure of the defect. An ovine model was chosen because its validity had been previously established 20 . Our study used fetuses with surgically created neural tube defects that were maintained in utero for four weeks to allow the neural tissue injury to occur, simulating the real environment of a human MMC defect. Either HADM or BC was placed over the neural tissue and under the sutured skin to assess their ability to protect the medulla. In the present model, our goal was to protect the medulla from the hostile intra-uterine environment thus avoiding progressive damage and preventing the medulla from adhering to the surrounding tissues which could lead to tethered cord syndrome. We showed that BC was more effective in preventing neural injury and produced less problems related to the corrective surgery than HADM. BC did not adhere to neural tissue, or cause a giant cell reaction or blood vessels to proliferate at the site of injury. Moreover, the fibroblast layer formed an envelope around the BC creating a cleavage plane that would most likely be easier to dissect during post-natal surgery. In contrast, HADM was inundated with multiple blood vessels within its layers, adhered to neural tissue and skin, and showed an ingrowth of cells. In addition to its superiority in avoiding neural injury, BC offered other advantages over HADM. We found that BC was easy to handle at surgery and was ready to use without needing any prior preparation. Each film was 10 x 15 cm, a size large enough to allow tailoring to cover the entire lesion found at surgery. On the contrary, HADM was costly, had to be acquired at a specific size, and required a saline warm bath for 30 minutes before use. Similar findings have been reported both in animals as humans 17, 18, 21 . For example, HADM used for abdominal wall reconstruction in a rabbit model, showed the expected interaction with the host tissue as illustrated by revascularization and skin ingrowth on the material 21 . From our point of view, HADM is not appropriate for the intra-uterine MMC repair. Our findings are concordant with the observations of Farmer et al 6 on the correction of MMC in human fetuses. Using the fetal open surgery approach, these authors used HADM in their first cases and found postnatal corrective surgery to be much more difficult, and therefore abandoned its use in subsequent cases. It was also applied as a patch over MMC fetal ovine models, placed in contact with amniotic fluid and not as an interface between the neural tissue and skin 13 . The authors described wound edge retractions and no "gross" adhesion between cord and patch. However the HADM studies did not involve a comparison to BC and the studies focused on cerebellar herniation and post-natal neurological functions and not on the local effects of these materials on the damaged spinal cord. Two other interface materials (biomatrices) were studied by Eggink et al 22 , one obtained from small intestinal submucosa and the other from bovine tendon collagen. These biomatrices were used for the acute correction of a neural tube defect induced in sheep. They compared both materials with the simple closure of the skin over the defect using suture. They found no differences in postnatal outcome (hydrocephalus, cerebellar herniation or urinary incontinence) among the three groups. As defect creation and its correction occurred during the same procedure, there was no long term exposure of the neural tissue to the amniotic fluid making difficult to compare their findings with ours. Our histological findings for BCtreated animals were also similar to what has been reported in the literature. BC was used as a dura-mater substitute by Mello et al 14 in dogs submitted to craniotomies, with encouraging findings. After this, Pedreira et al (2003) 16 successfully tested BC in rabbit fetuses for MMC repair. Mello et al 14 stated that the BC might be dissolved in tissue alkalis, however, during a maximum 270 day period, they found no evidence of BC digestion or absorption. We believe that this period is enough to keep the exposed neural tissue safely covered throughout gestation. The film detaches from cerebral tissue even after this period, mimicking the duramater 14 . These characteristics guarantee the persistence of the BC throughout gestation without modifications. At birth we propose definitive correction by classic neurosurgical techniques. The fibroblast layer that formed under the BC, in continuity with dura-mater, probably will have the expected effect of avoiding fluid leakage, constituting a "neodura-mater". In our opinion the characteristics and histological findings in our experiment showed that BC avoided the adhesion between the tissues, leading to convenient neural tissue protection during intrauterine period.
Conclusion
The use of BC appears to be a more effective choice than HADM to for spinal cord protection for the in utero repair of experimental MMC. BC was superior in intraoperative handling and avoiding neural tissue adhesion. This latter feature is an advantage facilitating the removal of BC in the post-natal corrective neurosurgery. Thus, our findings suggest that pre-natal application of BC will protect the medulla from the hostile intra-uterine environment thus avoiding progressive damage and ensuring a greater chance that post-natal surgery will correct MMC.
